Microtubules are nucleated from specific locations at precise times in the cell cycle. However, the 17 factors that constitute these microtubule nucleation pathways still need to be identified along with 18 their mode of action. Here, using purified Xenopus laevis proteins we biochemically reconstitute 19 branching microtubule nucleation, a nucleation pathway where microtubules originate from pre-20 existing microtubules, which is essential for spindle assembly and chromosome segregation. We 21 found that besides the microtubule nucleator gamma-tubulin ring complex (g-TuRC), the two 22 branching effectors augmin and TPX2 are required to efficiently nucleate branched microtubules. 23
Introduction 30
Microtubules are nucleated from specific locations in the cell, and several of these microtubule 31 nucleation pathways converge to form a particular cytoskeletal architecture (Kollman et al., 2011; 32 Lin et al., 2015; Lüders and Stearns, 2007) . Importantly, microtubules in cells are nucleated by the 33 microtubule nucleator g-TuRC (Kollman et al., 2011; Zheng et al., 1995) and its co-nucleation 34 factor XMAP215 (Thawani et al., 2018) . At the same time, each microtubule nucleation pathway 35 requires a unique set of nucleation effectors to recruit and regulate g-TuRC at distinct cellular 36 locations (Lin et al., 2015) . The identity of most of these effectors remains elusive, along with a 37 mechanistic understanding of how they constitute the different microtubule nucleation pathways 38 that generate the cytoskeleton. 39
Microtubules can nucleate from pre-existing microtubules, termed branching microtubule 40 nucleation (Petry et al., 2013) , which amplifies microtubule number while preserving their 41 polarity, as is needed in the mitotic spindle and in axons (Cunha-Ferreira et al., 2018; David et al., 42 2019; Kamasaki et al., 2013; Petry et al., 2013; Sánchez-Huertas et al., 2016) . The eight-subunit 43 protein complex augmin is required for branching microtubule nucleation in plant, human and 44 Drosophila cells, and meiotic Xenopus egg extract, where its depletion leads to reduced spindle 45 microtubule density, less kinetochore fiber tension, metaphase arrest, and cytokinesis failure 46 (David et al., 2019; Decker et al., 2018; Goshima et al., 2008; Hayward et al., 2014; Ho et al., 47 2011; Kamasaki et al., 2013; Lawo et al., 2009; Nakaoka et al., 2012; Petry et al., 2011; Uehara 48 et al., 2009) . Augmin is necessary to recruit g-TuRC to spindle microtubules (Goshima et al., 49 2007) , and following the recombinant expression of augmin (Hsia et al., 2014) , this activity was 50 confirmed using purified proteins (Song et al., 2018) . In meiotic Xenopus egg extract, the Ran-51 regulated protein TPX2 is released near chromatin (Gruss et al., 2001) , where it stimulates 52 branching microtubule nucleation (Petry et al., 2013) , potentially by activating g-TuRC (Alfaro-53 Aco et al., 2017) . Recently, TPX2 was also observed to form a co-condensate with tubulin along 54 microtubules, which enhances the kinetic efficiency of branching microtubule nucleation (King 55 and Petry, 2019) . In meiotic Xenopus egg extract, TPX2 binds to microtubules before augmin/ g-56 TuRC, followed by the nucleation event (Thawani et al., 2019) . In contrast, in mitotic Drosophila 57 cells TPX2 is not required, and augmin binds to microtubules before g-TuRC (Verma and Maresca, 58 2019). Despite numerous studies, exactly how augmin, TPX2 and g-TuRC mediate branching 59 microtubule nucleation, and whether they alone constitute a minimal system that nucleates 60 branched microtubules, remains unclear. Here, we use biochemical reconstitution of its purified 61 components to dissect branching microtubule nucleation mechanistically. 62 63
Results and Discussion 64
Branching microtubule nucleation has been studied in Xenopus egg extract, where it is 65 elicited by the constitutively active version of Ran (RanQ69L) (Petry et al., 2013) . In order to 66 establish a controlled, minimal assay that furthers our mechanistic insight, we exposed a 67 microtubule tethered to glass to sequential reaction mixtures of decreasing complexity and thereby 68 regulated the availability of proteins necessary to stimulate branching microtubule nucleation. 69
Using multicolor time-lapse total internal reflection (TIRF) microscopy, we first confirmed that 70 an endogenous, pre-existing microtubule can serve as a template for branching microtubule 71 nucleation when exposed to Ran-supplemented extract that releases branching factors ( Figure 1A  72 and Video 1). This shows that a microtubule formed independent of Ran can serve as the site for 73 binding of branching factors and subsequent nucleation events. To gain mechanistic insight, we 74 hypothesized that all necessary Ran-regulated branching factors bind to the pre-existing 75 microtubule prior to microtubule nucleation. To test this, Ran-regulated branching factors were 76 allowed to bind to taxol-stabilized pre-existing microtubules in the presence of nocodazole, which 77 inhibits new microtubule formation ( Figure 1B Figure 1C ). This 90 revealed that branched microtubules retained the polarity of the pre-existing microtubule, and new 91 microtubules do not appear to nucleate from other branched microtubules, suggesting that the 92 branching factors do not relocate between microtubules ( Figure 1C and Video 2). Thus, solely the 93 deposition of branching factors and g-TuRC to the pre-existing microtubule determines branching 94 architecture. 95
Because the key for branching microtubule nucleation is to target g-TuRC along the length 96 of a microtubule, we tethered purified g-TuRC along the microtubule lattice via artificial linkers, 97
where it can still nucleate microtubules as a proof of concept (Figure 2 -figure supplement 1A-98   B) . Therefore, if all branching factors are known, branching microtubule nucleation from a 99 template microtubule can be reconstituted using purified components. To test this, we purified the 100 essential proteins for branching microtubule nucleation in Xenopus egg extract (Petry et al., 2013) . 101
The GFP-labeled eight-subunit X. laevis augmin holocomplex was co-expressed in insect cells and 102 co-purified (Song et al., 2018) , the native 2.2 MDa g-TuRC was purified from Xenopus egg extract 103 (Thawani et al., 2018) , and GFP-TPX2 was expressed from E. coli and purified (King and Petry, 104 2019) . 105
First, we assessed how the nucleator g-TuRC gets targeted along the microtubule lattice. 106
Purified TPX2, augmin and g-TuRC in various combinations were added to surface-bound, 107 GMPCPP-stabilized microtubules and imaged via TIRF microscopy ( Figure 2A ). g-TuRC, 108 visualized by a fluorescently-labeled antibody, bound along the length of microtubules in the 109 presence of augmin (Figure 2 -figure supplement 2A-B) consistent with previous studies (Song 110 et al., 2018) . Interestingly, more g-TuRC was recruited along the microtubule lattice in the 111 presence of both TPX2 and augmin ( Figure 2B-C) . Surprisingly, augmin and TPX2 formed distinct 112 puncta on microtubules, where g-TuRC was recruited. Using negative stain electron microscopy, 113
we confirmed that g-TuRC is recruited to regularly spaced patches, where it accumulates ( Figure  114   2D ). Next, we tested whether the microtubule binding proteins augmin and TPX2 need to bind in 115 a certain sequence. Surprisingly, microtubule-bound TPX2 increased the amount of augmin bound 116 to the microtubule, whereas the presence of augmin did not change the level of bound TPX2 117
Having established that purified TPX2 and augmin recruit g-TuRC to template 119 microtubules, can they indeed cause branching microtubule nucleation? All three factors were 120 bound to a stabilized microtubule as above, followed by addition of tubulin and GTP in 121 polymerization buffer ( Figure 3A ). Remarkably, branching microtubule nucleation from a 122 template microtubule occurred using only purified proteins ( Figure 3B How are the nucleation sites spatially organized along the template microtubule? New 130 microtubules nucleate all along the template microtubule without any preference for the template's 131 plus-or minus-ends ( Figure 3C ), likely because the template microtubule was fully available for 132 simultaneous binding of branching factors in our assay set-up. Thus, there is no signature on the 133 stabilized microtubule lattice that determines where a branch occurs, only that microtubule 134 nucleation events occur from distinct TPX2/augmin puncta distributed along the microtubule 135 lattice ( Figure 3D ). Multiple microtubules can be generated from the same puncta as resolved by 136 light microscopy ( Figure 3D ), which presumably nucleated from neighboring g-TuRCs ( Figure  137 2D). 138
What does each protein contribute to branching microtubule nucleation? To test this, each 139 purified factor was assessed alone for its nucleation potential from a template microtubule, 140 combined in pairs and ultimately altogether. Notably, g-TuRC is essential for branching 141 microtubule nucleation ( Figure 3E ). Despite the fact that TPX2 can recruit tubulin (King and Petry, 142 2019), it alone or together with augmin cannot nucleate branched microtubules. g-TuRC can 143 infrequently bind to the microtubule lattice on its own ( Figure 2D ), leading to rare nucleation 144 events without TPX2 and augmin ( Figure 3E ). Not surprisingly, augmin and g-TuRC can cause 145 branching microtubule nucleation to a limited extent ( Figure 3E and Figure 3 -figure supplement 146 1B), as augmin can directly recruit g-TuRC to a pre-existing microtubule in vitro (Song et al., 147 2018) . Surprisingly, TPX2 and g-TuRC can also cause branching microtubule nucleation to a 148 similar extent as augmin and g-TuRC ( Figure 3E Importantly, only when augmin, TPX2 and g-TuRC are present, branching microtubule nucleation 150 occurs most often ( Figure 3E ). Branched microtubules are preferentially formed in angles < 90 151 degrees, with 0-15 degrees being the most common ( Figure 3F ). This way, most branched microtubules maintain the same polarity as the mother microtubule, a hallmark of branching 153 microtubule nucleation. Interestingly, the angle of microtubule branches did not drastically change 154 when augmin or TPX2 were combined with g-TuRC, only that augmin/g-TuRC alone caused a 155 higher proportion of shallow branch angles ( Figure 3F) . 156
Next, we tested whether branching microtubule nucleation is further enhanced by having 157 XMAP215 present. Indeed, XMAP215 co-localizes to the template microtubule and appears to 158 increase both microtubule nucleation rate and growth (Figure 3 -figure supplement 2). Exact 159 quantification of this effect was not possible because branched microtubules were already formed 160 before imaging was possible and microtubules quickly grew into each other, preventing the 161 accurate identification of branching microtubule nucleation. Lastly, knowing that the binding 162 sequence of TPX2 and augmin matters for maximum factor recruitment, does this have an effect 163 on nucleation? Indeed, only when TPX2 was bound first and augmin/g-TuRC second, a higher 164 level of branching microtubule nucleation was measured ( Figure 3G ). 165
Via an in vitro reconstitution, we demonstrate that the three factors TPX2, augmin and g-166
TuRC are sufficient to cause branching microtubule nucleation and defined the roles of each 167 protein. Interestingly, augmin and g-TuRC alone can nucleate branched microtubules. This may 168 be reflective of cell types where TPX2 is not needed for branching microtubule nucleation, such 169 as mitotic Drosophila cells (Verma and Maresca, 2019). Unexpectedly, it is beneficial that TPX2 170 binds to microtubules first, as it recruits more augmin, in addition to its ability to recruit tubulin 171 (King and Petry, 2019) . This is similar to a recent observation in Xenopus egg extract where TPX2 172 binds to microtubules first, and augmin cannot bind to microtubules in its absence (Thawani et al., for 20 min at 17,000 g at 4°C, the pellet was resuspended in 15 ml of the initial CSF-XB buffer 230 supplemented with 0.05% NP-40. The resuspended pellet was centrifuged at 136,000 g at 4°C for 231 7 min. The supernatant was then precleared with protein A Sepharose beads (GE Healthcare, 232 45002971) for 20 min at 4°C. The beads were removed by spinning, 2-4 ml γ-tubulin antibody (1 233 mg ml -1 ) was added to the sample, and the sample was rotated at 4°C for 2 h. After this, 1 ml of 234 washed Protein A Sepharose beads was incubated with the sample on the rotator for 2 h at 4°C. 235
The beads were collected by spinning, and subsequently transferred to a column with the same 236 buffer used to resuspend the PEG pellet. The beads were washed with the initial CSF-XB buffer 237 supplemented with extra 150 mM KCl, then with CSF-XB buffer supplemented with 1 mM ATP, 238 and finally with CSF-XB buffer to remove the ATP. For biotinylation of g-TuRC, the beads were 239 incubated with 25 µM of NHS-PEG4-biotin (Thermo Scientific, A39259) in CSF-XB buffer for 1 240 h at 4°C, and unreacted reagent was washed away with CSF-XB buffer before elution with g-241 tubulin peptide. 2 ml g-tubulin peptide (amino acids 412-451) at 0.5 mg ml -1 in CSF-XB buffer 242 was applied to the column and allowed to incubate overnight. The eluted sample was collected the 243 following day, and it was concentrated using a 100 kDa MWCO centrifugal-filter (Amicon, 244 UFC810024). This concentrated sample was loaded onto a 10-50% w/w sucrose gradient in the 245 initial CSF-XB buffer, and centrifuged at 200,000 g for 3 h at 4°C in a TLS55 rotor (Beckman 246 Coulter). The sucrose gradient was fractionated manually from the top, and the fractions with the 247 highest g-tubulin signal by Western blotting were combined and concentrated using another 100 248 kDa MWCO centrifugal-filter. Purified g-TuRC was always used within two days on ice without 249 freezing. 250 251 Unlabeled cycled tubulin purified from bovine brain was obtained from a commercial source 252 (PurSolutions, 032005). Before use, all proteins were pre-cleared of aggregates via centrifugation 253 at 80,000 RPM for 15 min at 4˚C in a TLA100 rotor (Beckman Coulter). 254 255 Tubulin labeling and polymerization of GMPCPP-stabilized microtubules 256 Bovine brain tubulin was labeled following previously described methods (Hyman et al., 1991) . 
Binding of proteins to GMPCPP-stabilized microtubules 291
To test the recruitment of g-TuRC to a microtubule by augmin and TPX2, a mixture of GFP-TPX2 292 (50 nM), GFP-augmin (50 nM) and g-TuRC, which was previously incubated for 5 min on ice, 293 was added to a flow chamber that had GMPCPP-stabilized microtubules attached to the surface as 294 described above. This was incubated for 5 min at room temperature. Unbound proteins were 295 removed with additional BRB80 washes. To visualize native g-TuRC, Alexa-647 (Invitrogen) 296 labeled antibodies against g-tubulin (XenC antibody, 2 μg ml -1 ) were added to the flow chamber 297 and incubated for 10 min at room temperature. Unbound antibody was removed with additional 298 BRB80 washes, and the final solution was exchanged to BRB80 + 250 nM glucose oxidase 299 (Crescent Chemical, SE22778.02), 64 nM catalase (Sigma-Aldrich, C40) and 1% (w/v) glucose. 300
The sample was imaged immediately. For experiments where one or two of the proteins in the 301 mixture were omitted, the volume was substituted with CSF-XB buffer. The same set-up was used 302 when imaging the binding of GFP-augmin (50 nM) and GFP-TPX2 (50 nM) to microtubules in 303 the presence of each other. In these cases, g-TuRC was not included, and instead of adding XenC 304 antibody, BRB80 + oxygen scavengers were added after the last unbound proteins were removed 305 by BRB80 washes. In experiments where two proteins were bound to microtubules sequentially, 306 unbound protein was removed by BRB80 washes before the second protein was added. 307 308
Microtubule nucleation assays on PEG-functionalized surfaces 309
For branching microtubule nucleation reactions in vitro, a mixture of TPX2 (50 nM), augmin (50 310 nM) and g-TuRC, which was previously incubated for 5 min on ice, was added to the chamber 311 containing attached GMPCPP-stabilized microtubules and incubated for 5 min at room 312 temperature. Unbound proteins were removed by additional BRB80 washes. The final assay mixture was flowed into the chambers: 80 mM Pipes, 30 mM KCl, 1 mM EGTA, 1 mM MgCl 2 , 1 314 mM GTP, 5 mM 2-mercaptoethanol, 0.075% (w/v) methylcellulose (4,000 cP), 1% (w/v) glucose, 315 
Negative stain electron microscopy 383
Unlabeled GMPCPP-stabilized microtubules diluted 1:500 were incubated for 5 min at room 384 temperature with either g-TuRC only or with a mixture of TPX2 (50 nM) + augmin (50 nM) + g-385
TuRC. The samples were diluted 10-fold with BRB80 to reduce the number of unbound g-TuRC 386 molecules in the background, and 5 µl of this diluted sample was immediately applied onto glow-387 discharged grids (Electron Microscopy Sciences, CF400-Cu). The samples were stained with 2% 388 uranyl acetate. Images were collected with a CM100 TEM (Philips) at 80 keV at a magnification 389 of 64,000. Images were recorded using an ORCA camera. 390
391
Antibodies 392
Polyclonal XenC antibody was a gift from C. Wiese and was described previously (Wiese and 393 Zheng, 2000) . It was used to generate Alexa-647-labeled XenC antibody by first dialyzing 394 antibodies in PBS buffer (50 mM NaPO4, 150 mM NaCl, pH 7.4). The reaction with Alexa-647-395 NHS-ester was done according to the protocol recommended by the manufacturer. Finally, the 396 removal of unreacted dye was done via gel filtration in Bio-Gel P-30 Gel (Bio-Rad). On average, 397 each XenC antibody was labeled with 2.5 Alexa-647 dye molecules. The polyclonal antibody used 398 to purify g-TuRC from Xenopus egg extract was generated against a purified g-tubulin peptide 399 (amino acids 412-451) through a commercial vendor (Genscript). The presence of g-TuRC during 400 its purification was tracked via Western blotting using the GTU88 (Sigma-Aldrich, T6557) 401 antibody against g-tubulin. 
